Embryos and larvae of the european lobster H. gammarus, reared under laboratory conditions, were investigated in order to determine the nature and metabolism of carotenoproteins during embryogenesis. Extracts of embryonic as well as larval stages were analysed, using DEAE-Cellulose filtration, electrophoresis, and thin layer chromatography. Ovoverdin is the main carotenoprotein of the yolk; two fractions, having different molecular weight (No1: 700 kDa and No2: 600 kDa) were observed. Larval extracts were found to contain three coloured carotenoproteins: blue (Lm1a), red (Lm1b), and yellow (Lm1c). Yolk carotenoids were identified as free astaxanthin and unesterified phoenicoxanthin, whereas esterified astaxanthin was found to occur in the forming tissues. Astaxanthin diester is the main carotenoid of the embryo; in larval tissues, this carotenoid is associated to the red carotenoprotein. The increase in esterified astaxanthin suggests enzymatic mechanisms leading to acylation reactions occurring at an early stage of embryonic development.
Carotenoproteins are a family of compounds in which carotenoids are associated with colourless proteins (Ceccaldi, 1965; Lee, 1966; Zagalsky et al., 1990; Gomez and Milicua, 1992) , either in stoichiometric proportions (true carotenoproteins) or forming complexes in which stoichiometry is not determined. These substances are widespread in animals, crustaceans in particular; their massive occurrence in ovaries, eggs, and tegumentals suggests functions in development. For their high content in the yolk, of most studied crustaceans, these compounds represent the main protein reserve, supplying thereby the nutritive needs of the embryo during the endotropic phase. The carotenoids play a role in stabilizing tertiary and quaternary structures of the protein . The color changes undergone by the eggs of the lobster Homarus gammarus (L.) during embryonic development (Goodwin, 1951; Green, 1957; Ceccaldi et al., 1966; Zagalsky et al., 1967) are mainly due to modifications of ovoverdin, a high density lipo-glyco-protein, the major component of the yolk (Kuhn and Sorensen, 1938; Stern and Salomon, 1938; Ceccaldi et al., 1966) ; at the appropriate developmental stage the complex is broken, dissociating thereby the protein from its prosthetic carotenoid. This explains the different coloured appearances observed at embryonic and larval periods.
Although the nature of carotenoproteins of lobster eggs is well known (Kuhn and Sorensen, 1938; Stern and Salomon, 1938; Ceccaldi et al., 1966; Quarmby et al., 1977; Zagalsky, 1982; Zagalsky et al., 1991) , there is a paucity of information concerning the metabolism of these substances during early development.
The aim of this work is to consider the modifications of the carotenoprotein pattern during the early development of the european lobster H. gammarus in relation with certain events of its larval physiology, like metamorphosis, tissular differentiation, and moult.
MATERIALS AND METHODS
Ovigerous lobsters purchased from a crustacean market in Roscoff (Bretagne) were maintained under laboratory rearing conditions in 10 m 3 seawater indoor tanks. Water circulation was obtained with a pump device permitting a flow rate of 50 L/h; salinity (37 &) and temperature (218C) were maintained constant. Animals were fed mussels (Mytilus galloprovincialis) three days a week.
Eight embryonic stages were sampled within a period of 14 weeks directly from the egg brood attached to the pleopods. The developmental status was defined according to the Eye-index method (Ei 90 lm to Ei 659 lm) (Helluy and Beltz, 1991; Charmantier and Mounet-Guillaume, 1992; Mantiri et al., 1996) . Sampling (25 to 28 individuals per group) covers the interval between the metanauplius (Ei 90 lm) to the eclosion (Ei 659 lm).
Prelarval material was collected 4 h to 5 h following eclosion; the remaining biomass was transferred into planktonkreisels (Hughes et al., 1974) for sequential sampling of larval stages. The prelarval stage (pl) lasts about 10 h preceding the moult yielding to larval stage I. Three larval stages (LI, LII, and LIII) plus a postlarval one (PL), all separated by a moult, have been sampled. Prelarvae, as well as stages I, II, and III, represent about 200 individuals per category; postlarval sample consists of about 100 animals. All were stored at À188C until analysis.
Carotenoprotein Extraction
The embryonic stages (0.1 g/group) are homogenized separately with 5 mL of NaCl 0.16 M (pH 7.5). The vitellin mass is recovered, by a spare split of the egg membrane, through low-speed centrifugation (1000 g) during 10 min. The orange-yellow upper layer contains lipids and carotenoids, the middle green layer corresponds to the carotenoprotein extract (ovoverdin), and the bottom layer contains tissular material (Tm), mainly egg membranes and forming tissues.
The green extract was submitted to chromatography on diethyl-aminoethyl DEAE cellulose (DE 50 Whatman) eluted with NaCl 0.3M; this allows nucleic acids and contaminating protein to be eliminated. Native ovoverdin is eluted with phosphate buffer (Phb, 0.2 M, pH 7). The protein recovered with 45% saturated ammonium sulfate (Ams) is dialyzed against PB 0.0012 M (pH 7.5). Protein amounts (10 samples 0.1 mL per group) are estimated spectrophotometrically at 472 nm and 660 nm using a molar extinction coefficient corresponding to that of astaxanthin (0.2). Values are expressed as lg/g of fresh weight.
Recovered after chromatography on a Sephacryl column with 25 lL of Tris buffer (Tris 0.25 m, Agarose 2%, pH 8.8), ovoverdin is divided into two fractions, No1 and No2, having different molecular weights, about 700,000 for No1 and near 600,000 for No2. No1 is analysed by Phast system electrophoresis (PSE), using L-alanine 0.88 M-Tris buffer, during 20 min at 158C, 200 volts, and 10 mAmp. No2, dissolved into 50 lL SDS, is also submitted to PSE and electrophoresis on cellulose acetate gel.
Tissular material (Tm), re-extracted with NaCl 0.16 M, is divided into two aliquots, Tm1 and Tm2. Finely ground Tm1, dissolved into 5 mL of 75 mM phosphate buffer (Phb)-Ammonium sulfate (Ams) 10 mM, Triton X-100 5%, is submitted to a second centrifugation. A red upper layer is recovered. Tm2 added of 2 mL Phb is filtered on a silicagel column. The filtrate, passed throughout DEAE-Cellulose, using Phb 0.05 M, yields a blue extract.
Larval carotenoproteins are extracted in a cooled system (48C) by stirring 0.1 g of finely ground material with 1 mL of 75 mM Phb, Ams 10 mM, pH 7.5. Quantification is made spectrophotometrically at 472 nm and 660 nm using molar extinction coefficient corresponding to that of astaxanthin (0.2). Values are expressed as lg/g of fresh weight. The centrifugation (1000 G), during 10 min in refrigerated conditions, allows the formation of three layers: an orangeyellow supernatant, a brown middle layer (Lm1), and a bottom made of tissular residue (Lm2).
Following filtration on DEAE-Cellulose, in the conditions previously defined, Lm1 yields a blue solution, to which is added of 1.5 mL Ams, prior to centrifugation during 30 min. A subsequent filtration on Sephadex G10, using Phb 0.05 M-KCl 0.02 M, enables the obtention of two fractions Lm1a and Lm1b. A strongly adsorbed green band, recovered with a mixture (1:1) of NaCl 1M and Phb, yields a yellow extract. SDS PAGE electrophoresis (Laemmli, 1970) using carbonic anhydrase (29,000 Da), bovine seroalbumin (66,000 Da), catalase (232,000 Da), and ferritin (440,000 Da) is performed for the evaluation of molecular weight (Fairbanks et al., 1971) .
Carotenoid Extraction
Carotenoid pigments, extracted with acetone from an aliquot of embryo samples as well as of larval material, are recovered into light petroleum (Lp 45-608C bp) for chromatographic analysis and quantification purposes.
Chromatography is carried on thin layer plates (Silicagel G Merck, type 60). Separation is performed with two solvent systems : Lp-5% methanol (Lp 5% Me), for esterified and low-adsorbed carotenoids; and a volumic mixture of benzene, diethyl ether, and methanol (17, 2, 1) (BDeMe) for unesterified as well as for high-polar fractions.
Spectral analysis in different solvents (Lp, methanol, acetone), chemical reactions like saponification, sodiumborohydride reduction of keto substituents, methylation of allylic hydroxy radicals, and comparison with authentic samples have permitted the identification of main carotenoids of the extracts.
RESULTS

Carotenoproteins of Yolk
The spectral configuration of the purified green extract is characterized by two absorption peaks at 472 nm and 660 nm (Fig. 1) ; the former may be ascribed to the absorption of astaxanthin, the keto-carotenoid linked to the phospholipid fraction, while the latter corresponds to that of the carotenoprotein.
The astaxanthin specific absorption coefficient (E 1% / 1cm ) in Lp (Goodwin, 1952) is closely comparable to that of the complex; immediately after the denaturation of the carotenoprotein, by the addition of acetone, the spectral shape exhibits a single absortion maximum at about 487 nm (S mol ¼ 200,000) (Fig. 1) .
That true carotenoproteins are compounds in which carotenoid and protein occur in stoechiometric proportions is well established (Zagalsky et al., 1990) , enabling the evaluation of one component in relation to the other. Considering that 35.1 mg of protein corresponds to 32.8 nmol mL À1 of astaxanthin, it is thus possible to establish a rate of 0.9 nmol of carotenoid per mg of protein. According to this, the increase of absorption values (0.6 to 0.9) results very likely from the release of the prosthetic carotenoid, whose amount adds to that binding to the phospholipid fraction, as a result of the failure of carotenoid-protein interaction. In these conditions, the green colour of the complex turns to red, reflecting the change of the spectral properties, indicating one carotenoid molecule binding to the protein, while two or three remain associated to the lipid fraction (Gomez and Milicua, 1992) .
The quantification of total yolk carotenoprotein indicates a progressive decrease during development. The carotenoprotein level, recorded for Ei 90 lm, falls markedly until Ei 659 lm, at which only traces of the complex may be observed (Fig. 2) .
The electrophoresis of native ovoverdin (No) reveals two fractions (No1 and No2) whose molecular weights represent about 595,000 Da and 720,000 Da respectively, corresponding to two different carotenoprotein groups (Fig. 3) .
Sodium-dodecyl-sulfate (SDS) electrophoresis indicates that No1 is made of four subunits (a, b, c, and d). Subunit a shows a molecular weight of 111,000 Da; its relative amounts, obtained with a Vernon photodensitometer, decrease noticeably within the interval Ei 90 lmEi 565 lm prior to its vanishing a few hours (8 h to 5 h) before eclosion (Fig. 4) . On the other hand, the relative amounts of subunits b, c, and d tend to increase from early to late embryonic development. No2 contains only three subunits. The mixture of No from Ei 90 lm, with an homogenate of the entire extract of Ei 659 lm, leads to the decrease of the molecular weight of No1, resulting from the progressive exhaustion of subunit a, characterizing thereby the carotenoprotein pattern acquired by the embryo at Ei 659 lm (Fig. 5) .
Carotenoproteins of the Embryo
The red upper layer, corresponding to the tissular material Tm1 extracted with Triton X-100 (5%), was found to contain a red carotenoprotein absorbing at 468 nm (Fig. 6 ). In the same manner, the spectrum of the blue extract obtained for Tm2 shows a single peak at 630 nm (Fig. 6) . Neither the red compound of Tm1 nor the blue one of Tm2 were detected in the yolk.
Carotenoproteins of Larvae
The nature of the blue extract obtained for Lm1 was found to be identical for each stage. Its spectral shape shows a single peak at 624 nm (Fig. 7) . Quantization indicates a very rapid increase occurring within the larval period (Fig.  8) , representing less than 0.02 lg/g (d.w.) at the prelarval stage, against 0.43 lg (d.w) recorded after the moult of metamorphosis (st IV).
The coloured components, blue (Lm1a), red (Lm1b), and yellow (Lm1c), were systematically recovered at each stage, and correspond to three different carotenoprotein structures.
The absorption spectrum of Lm1a exhibits a peak at 630 nm (Fig. 9) . A small violet fraction, observed after Sephadex G10 purification of Lm1a, shows an absorption maximum at 604 nm (Fig. 9) . SDS PAGE electrophoresis indicates a value of 350,000 Da for Lm1a, and 40,000 Da for the violet fraction.
The spectrum of the red fraction Lm1b, is characterized by a single peak at 468 nm (Fig. 9) . Chromatographic analysis (TLC) indicates that free and esterified astaxanthin bind this lipoprotein.
The two peaks at 440 nm and 455 nm (Fig. 9 ) characterize the spectrum of the yellow fraction Lm1c. Low amounts and chemical instability of material hindered more detailed study. Nevertheless, all the analyzed extracts were found to contain this fraction.
Carotenoids of Yolk
The chromatographic analysis (TLC) of the vitellin mass of each developmental stage reveals two main carotenoid fractions (Fig. 10) . Saponification and reduction treatments of the major red spot (Rf ¼ 0.26) give astacene and crustaxanthin respectively, indicating the occurrence of free astaxanthin (3,39-diol-b,b-carotene-4,49-dione), the typical crustacean hydroxy-keto-carotenoid. The pale violet band (Rf ¼ 0.28) has been identified as unesterified phoenicoxanthin (3-olb,b-carotene-4,49-dione). 
Carotenoids of Embryo
The TLC allows the separation of three main fractions, whose chemical and spectral features match those of free and esterified astaxanthin (diester and monoester). A minor fraction, corresponding to b-carotene essentially, was likewise observed.
A marked increase of relative amounts of esterified astaxanthin (expressed in percentage) was recorded during the embryonic development, whereas free astaxanthin proportions decreased from 75% at Ei 90 lm to less than 3% at Ei 495 lm (Fig. 11) . Esterified forms, diester in particular, increase noticeably, becoming the main carotenoid of the embryonic material. Denaturation by acetone treatment indicates that esterified astaxanthin occurs associated with the red carotenoprotein.
Carotenoids of Larvae
Free and esterified astaxanthin are the main carotenoid fractions found in larval extracts, representing respectively 71% and 25% in LI, 68% and 28% in LII, 66% and 30% in LIII, and 63% and 34% in PL. Few amounts of bcarotene, lower than 1% in all the cases, and traces of phoenicoxanthin are also reported. (Fig. 12) 
DISCUSSION
Although the content and the nature of carotenoids during the early development of H. gammarus have already been established (Mantiri et al., 1995 (Mantiri et al., , 1996 , these results represent, as far as we know, the first attempt to determine the variations of the carotenoprotein pattern during the embryonic and larval development of the european lobster. Carotenoids, as well as lipids, are hydrophobic substances. The hydro-soluble configuration, resulting from their association with proteins, enables their circulation across cell membranes and in aqueous environments. Dissolved in the lipid fraction of plasma lipo-proteins, transferred during secondary vitellogenesis from the maternal HP, carotenoids accumulate into the developing oocyte, where the lipo-glycocaroteno-protein complex forms lipovitellin, the major high-density lipoprotein of the yolk of most crustaceans (Wallace et al., 1967; Meusy and Junera, 1979) . The green colour of the vitellin mass is mainly due to ovoverdin Zagalsky et al., 1970) . Its progressive decrease during embryogenesis is closely related to structural protein, glycoprotein, phospholipid, and pigment requirements by the new-forming tissues of the embryo, suggesting diverse functions during embryonic development (Zagalsky and Gilchrist, 1976) . The gradual exhaustion of fraction No1, until the stage preceding the hatch, is closely related to the decline of subunit a. The simultaneous decrease of subunit a and No1, observed after the mixture of an Ei 659 lm extract with that of an earlier embryo Ei 90 lm, suggests a nonspecific protease activity (Nsp) appearing at a later developmental stage, responsible for the gradual transformation of the heavy fraction No1 into the light No2, which contains only subunits b, c, and d (Fig. 13) . Hence, the transformation of heavy ovoverdin (No1) into the light form (No2) could explain the disappearance of the subunit a. According to this, it stands to reason that the forming tissues absorb No1 before No2. The hydrolysis of the light fraction by the lysosomes provides raw material for tissular building. The denaturation of ovoverdin in natural conditions enables thereof its components to be utilized by the newforming tissues.
The fact that neither the red carotenoprotein from tissular material (Tm1) nor the blue one (Tm2) were detected in the yolk demonstrates unambiguously the de novo biosynthesis of larval carotenoprotein.
The increase in absorption values (0.6 to 0.9) results from the release of the prosthetic carotenoid: the green colour of the complex turns to red, reflecting the change of the spectral properties .
The coloured compounds isolated from larval material, blue (Lm1a), red (Lm1b), and yellow (Lm1c), very likely correspond to three different carotenoproteins. The spectral shape of the blue extract (Lm1), unchanged all along the larval period, indicates the occurrence of a typical larval carotenoprotein, persisting beyond the metamorphosis leading to the postlarval stage IV. Its rapid increase (0.02 lg at hatching against 0.43 lg at st IV), resulting from dietary intake of its components, suggests its possible involvement in biological functions related to larval development. The characteristics of Lm1a are comparable to those reported for a-crustacyanin (Quarmby et al., 1977; Zagalsky et al., 1991) from the carapace of the adult lobster H. gammarus. The thin violet fraction, observed during the purification of Lm1a, may correspond to a denaturation product, as it has been reported for a-crustacyanin (Lee and Zagalsky, 1966; Buchwald and Jencks, 1968; . However, the absorption spectrum (604 nm) and the molecular weight (40,000 Da) are in agreement with the data established for bcrustacyanin from the carapace of the adult lobster H. gammarus (Quarmby et al., 1977) . The red fraction (Lm1b) probably corresponds to that already reported for the carapace of the crayfish P. clarkii (Milicua et al., 1985) , whose spectral shape, closely comparable to that of the lipo-protein detected in embryo tissues, suggests its unmodified condition since its appearance during the embryonic development. It is interesting to recall that esterified astaxanthin was found to occur associated with the red carotenoprotein (Milicua et al., 1985) .
Although there is no experimental evidence permitting us to compare the yellow fraction (Lm1c) with the yellow carotenoprotein from the carapace of the adult lobster (Salares et al., 1977; Zagalsky, 1982) , one may suppose that the yellow carotenoprotein of lobster larval instars is consistent with that observed in the adult individual. The two peaks at 440 nm and 455 nm reflect the hypsochromic shift, resulting from the excitation coupling of astaxanthin molecules, chromophore to chromophore (Buchwald and Jencks, 1968; Gomez and Milicua, 1992) .
In addition to free astaxanthin, small amounts of phoenicoxanthin were found to be associated to ovoverdin. It is not clear whether this carotenoid results from oxidative conversion of astaxanthin during embryogenesis or whether it is already occurring in the yolk as a maternal supply during secondary vitellogenesis. Further studies are necessary to answer these questions. From a qualitative point of view, the carotenoid pattern of the embryo is different from that of the developing egg. Although astaxanthin is preponderant, other carotenoids occur during embryogenesis, suggesting either their incorporation during secondary vitellogenesis or their resulting from intraovocytary metabolic transformations, or both.
The relative concentration of free astaxanthin observed at the end of the nauplius stage (12% of the embryonic development) decreases during the metanauplius, concomitantly with carotenoprotein concentration, while that of esterified forms (mono and diester) increase proportionally. These findings suggest that enzymatic mechanisms, allowing acylation reactions, occur at an earlier time in the embryonic development (Mantiri et al., 1996) . Then, astaxanthin diester represents the main carotenoid of the embryo. The colours of different larval territories depend very likely upon composition and proportions of the pigmentary agents involved. Blue carotenoprotein is widely distributed in the exoskeleton while the predominance of red compounds could be restricted to certain body areas like the antennae and the pleopods, as it has been reported in the crayfish P. clarkii (Nakagawa et al., 1971) .
Further studies, using proteinase inhibitors, are necessary to determine the activity and the nature of the nonspecific protease (Nsp), supposedly responsible for the transformation of the heavy fraction No1 into the light No2.
